Introduction
The recent emergence of high spatial resolution satellite image sensors has introduced an exciting new set of possibilities for analyzing imperviousness and other land-cover types at fine levels of detail. Commercial satellites including GeoEye's Ikonos (1 m panchromatic ground resolution; www.geoeye.com) and DigitalGlobe's QuickBird (0.61 m panchromatic ground resolution; www.digitalglobe.com) acquire imagery at a spatial resolution previously possible to aerial platforms alone. Continuing this trend, the planned 2008 launch of the GeoEye-1 sensor will herald even higher spatial resolution (0.41 m panchromatic ground resolution; www.geoeye.com). This level of spatial quality builds on advantages satellite imagery has conventionally had over aerial-derived imagery, including its capacity for synoptic coverage and its inherently digital format (Barr and Barnsley, 2000; Cablk and Minor, 2003) . Such high spatial resolution space-derived imagery has already been used successfully in a diverse array of environmental mapping efforts such as earthquake damage assessment (Miura and Midorikawa, 2006) , orchard and vineyard identification (Warner and Steinmaus, 2005) , rain forest tree mortality inventory (Clark et al., 2004) , and coral reef delineation (Maeder et al., 2002) .
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Conventional per-pixel classifiers, such as the maximum likelihood and minimum distance-to-mean algorithms, are spectral-based classification methods and constitute a historically dominant approach to remote sensing-based automated land-use/land-cover (LULC) derivation (Gao et al., 2004) . The maximum likelihood classifier, in fact, is frequently used as a "benchmark" against which novel classification algorithms are evaluated (Song et al., 2005) . Such classifiers are widely available in commercial image processing software packages and enjoy widespread user familiarity. It has been suggested, however, that traditional per-pixel classification methods have limited applicability to high spatial resolution data because they cannot fully exploit its information content (Hu et al., 2005) . Other analysts have reported that the detail of high spatial resolution imagery has confounded conventional automated land-cover classification techniques, particularly in studies of heterogeneous urban environments. Reportedly problematic aspects have included shadows (Barr and Barnsley, 2000; Dare, 2005) , high reflectance variability but limited spectral information (Carleer et al., 2005) , general image complexity (Hu et al., 2005) , and data volume (Fisher and Goetz, 2001) .
Several spectral-based classification studies of high spatial resolution imagery have been more successful. Goetz et al. (2003) reported overall and per category accuracies of between 75 and 85 percent for supervised and unsupervised classifications of a leaf-on and leaf-off mosaic of 4 m Ikonos imagery. The researchers in that study also used decision tree classifiers that incorporated only spectral information, including band ratios, to map urban imperviousness and tree canopy with overall accuracies of 84.2 percent and 97.3 percent, respectively. Sawaya et al. (2003) , also working with Ikonos data, adapted modeling approaches developed for Landsat TM data to accurately describe urban lake water clarity using unsupervised per-pixel classification (r 2 ϭ 0.94) and developed regression equations between Ikonos-derived normalized difference vegetation index (NDVI) values and sample area percent imperviousness. These equations were used to estimate percent impervious surface with a referencedata correlation of 0.98. Thomas et al. (2003) concluded that their pixel-based approach to urban impervious surface mapping using high spatial resolution imagery had only moderate success due to Figure 1 . Raleigh, North Carolina study area depicted regionally and locally. Study area is shown on local map in shaded gray, and inset figure is a large-scale QuickBird image subset. A color version of this figure is available at the ASPRS website: www.asprs.org.
the limited spectral content of that data. That study classified land-cover in an urban desert ecosystem using 8-bit aerial scanner imagery. Notably, several high spatial resolution satellite image sensors, including Ikonos, QuickBird, and GeoEye's future GeoEye-1 satellite, are designed to record reflectance data in 11-bit radiometric depth. The result is imagery with a special blend of modest spectral resolution but rich reflectance storage capacity. This is particularly important in light of innovative data fusion methods that allow analysts to merge multispectral content with its higher spatial-resolution panchromatic corollary (Svab and Osti, 2006) .
Other data fusion varieties may also be useful to high spatial resolution image classification. The integration of ancillary GIS data with per-pixel classification has long been a successful land-cover derivation technique with a variety of medium-and low-resolution image types (Foody, 1995; Ludwig et al., 2003; Lunetta et al., 2003) , but, as of yet, its applicability to high-resolution data has only been cursorily examined (Sawaya et al., 2003; Thomas et al., 2003) . This is despite the inherent suitability of such imagery to these techniques, the efficacy of which depends on sufficient geographic alignment (Cablk and Minor, 2003) .
The utility of per-pixel classification in analyzing high spatial resolution satellite data is an important research direction because pixel-based classification enjoys widespread familiarity and software accessibility due to its historical prominence. This paper describes a per-pixel classification approach used to accurately generate an urban land-cover map using fused sub-meter high spatial resolution satellite imagery, and the incorporated methods are readily available in standard remote sensing and GIS analysis packages. In order to provide a more robust account of the applicability of these conventional methods to one promising use of high spatial resolution imagery in urban areas, the accuracies of output impervious surface maps were analyzed using both point-and area-based metrics.
Study Area
The study area incorporates 71.5 km 2 of adjacent drainage catchments and is located in the northeast part of Raleigh, North Carolina. This area is composed of primarily urban and suburban land uses interspersed with large forested clusters and includes part of a major transportation corridor, US-1 (Figure 1 ). Raleigh is a part of Wake County and the Neuse River watershed, the third largest river basin in the state of North Carolina. This basin drains all or part of twenty-three counties into the Albemarle-Pamlico Sound; its ecological integrity has been the subject of numerous studies in recent decades (Burkholder et al., 1992; McMahon and Lloyd, 1995; Paerl et al., 1998) .
Based on population estimates encompassing 01 April 2000 to 01 July 2005, the U.S. Census Bureau recently described Wake County as one of the 26 counties had population gains of more than 100,000 in United States (2006) . This rapid level of urban and population expansion has become a major concern of state, federal, and local agencies seeking to safeguard water quality in the Neuse River watershed. Indeed, both of the major streams within the study area, Marsh Creek and Perry Creek, have been included on North Carolina's federally-mandated Clean Water Act, Section 303 (d), Impaired Waters List every year since its inception. Each time, the state has cited "urban runoff/storm sewers" as the likely cause of impairment (North Carolina Division of Water Quality, 2004) . The present study is part of a larger effort to describe the rapid land-cover change occurring in the Raleigh area and to evaluate its potential impacts on water quality.
Data and Image Preprocessing
For this study, multispectral and panchromatic QuickBird imagery was obtained from DigitalGlobe's image archives. The image was collected on 01 June 2002 under clear atmospheric conditions at 1601 local time and at 10.1°off-nadir. The taskable QuickBird sensor is capable of collecting imagery up to 30.0°off-nadir. At the time of data collection, the sun azimuth was 126.5°and the sun elevation was 69.4°, while the satellite's azimuth and elevation metrics were 136.4°a nd 79.0°, respectively.
At nadir, the QuickBird sensor collects data in three visible channels (450 to 520 nm, 520 to 600 nm, and 630 to 690 nm) and one near-infrared channel (760 to 900 nm) at 2.44 m spatial resolution. Its panchromatic (445 to 900 nm) sensor images scenes at 0.61 m spatial resolution. All data are recorded in 11-bit radiometric storage depth. Using image fusion algorithms, multispectral satellite imagery can be spatially sharpened with panchromatic imagery. Data fusion, in this sense, is the combination of the two image types that results in one image with panchromatic ground resolution and multispectral spectral resolution (Pohl and van Genderen, 1998) . The Cakir-Khorram algorithm used in this study (Cakir and Khorram, 2004) achieves this combined resolution while preserving spectral integrity better than conventional image fusion algorithms, such as principal components analysis and intensity-hue-saturation fusion. The resulting pan-sharpened multispectral image has a ground resolution of 0.61 m. In order to georeference the image, 32 ground control points were field-collected throughout the study area using differentially-corrected Trimble Pro XR Global Positioning System (GPS) data. These points, recorded with a sub-meter accuracy margin of error, were then used to resolve geometric distortion within the image using a first-order polynomial correction. This algorithm was applied systemically to the image and achieved a root mean square error (RMSE) of 1.6 m. This RMSE was considered acceptable given the high spatial resolution of the imagery and the one-meter error limitation of the DGPS. The imagery was then projected to North Carolina State Plane, NAD83 datum, in meters, to match existing ancillary GIS data including roads, hydrography, and Raleigh municipal zoning layers. All image processing was performed in Leica Geosystem's ERDAS Imagine ® 8.7; all GIS analyses were performed in ArcGIS ® 9.0.
Per-pixel Land-cover Classification A hybrid per-pixel classification approach was developed for urban land-cover mapping in this analysis. Such an approach acknowledges the benefits of both supervised and unsupervised classification (Kelly et al., 2004) . Six categories of land-cover, including impervious surface, were selected for mapping within the study area (Table 1) . These categories were chosen based on their applicability to water quality analysis as well as their relevance to high spatial resolution image analysis. For example, discrete impervious landcover features in this imagery include sidewalks, roads, and buildings. Thus, in contrast to many analyses of coarserresolution data, it is not necessary to indirectly represent impervious features by mapping aggregate classes of landcover which specify, for example, a broad range of impervious surface coverage within a land-use class. This approach is often adopted in light of sensor resolution limitations, although innovative recent work has sought to estimate impervious surface area at sub-pixel levels using mediumresolution data such as that of Landsat (Yang et al., 2003; Jennings et al., 2004) . The possibility of directly mapping land-cover extent, such as imperviousness, is a primary allure of using high spatial resolution imagery (Jensen and Cowen, 1999; Barr and Barnsley, 2000) . The hybrid classification process employed for the present study is summarized in Figure 2 . As an initial step in this process, a supervised classification was performed using the maximum likelihood algorithm and 25 classes. A total of 138 training sites were digitized throughout the study area following well-established manual training site generation protocols (Jensen, 2005) . These training sites included at least five examples of each representative feature type within the six broad land-cover categories described in Table 1 . Furthermore, illuminated and shaded versions of relevant land-cover feature types were represented by separate training site groups. For example, the impervious category was represented by five homogeneous training sites for the following feature types: concrete-like, concrete-like (shaded), asphalt-like, asphalt-like (shaded), green roofs, white roofs, red roofs, brown roofs, red recreational court surfaces, and green recreational court surfaces. This training site assemblage was taken to be exhaustive only with respect to the dominant land-cover feature types within a given category. Certain features with highly variable reflectance, such as vehicles, or features with isolated representation, such as railroad tracks, were not included in the training site scheme, a limitation addressed by the unsupervised element of this hybrid classification approach.
After the output from the supervised classification was aggregated into the six classes of land-cover interest, categories that evidenced classification confusion based on visual inspection were subset. Within each of these image subsets, an unsupervised classification was performed using 25 classes, ISODATA (Iterative Self-Organizing Data Analysis Technique) clustering, principal axis means computing, 25 maximum iterations, and a 95 percent convergence threshold. Ultimately, this second classification step was carried out for each of the initial supervised classification outputs except the two categories of woody vegetation: evergreen and deciduous. After the unsupervised classifications were completed and pixels were re-categorized, these results were combined with the evergreen and deciduous pixels from the original classification. Finally, a 3 ϫ 3 majority filter was applied to eliminate "salt-and-pepper" pixels and complete the thematic map. Such post-classification filters are commonly used to remove land-cover clusters that are smaller than an analyst's minimum mapping unit of interest (Jensen, 2005) . 
Point-based Thematic Accuracy Assessment
To assess the thematic accuracy of the hybrid land-cover classification using a traditional point-based technique, a reference dataset was created consisting of 300 randomly selected points. The land-cover at each point was photointerpreted using the fused QuickBird image and the land-cover classes described in Table 1 . Fifty points were evaluated within each of these classes using a 3 ϫ 3 pixel majority interpretation centered on the point. In general, a reference data set for accuracy assessment of any thematic map must adequately represent the scale, detail, and classification scheme of the map itself . This has special implications for high spatial resolution image analysis that will be discussed later in this paper. In order to assess the integrity of QuickBird photointerpretation for these particular land-cover types, a separate field-based reference dataset was generated and indicated 100 percent photointerpretation accuracy (27/27). Using the image-based reference data, classification validity was reported in terms of producer's accuracy, user's accuracy, and overall classification accuracy as well as through category and overall Kappa () statistics.
Area-based Thematic Accuracy Assessment
In order to further assess the quality of this land-cover product, land-cover was digitized within a random sample of 50 residential property parcels, 10 commercial parcels, and 10 five-meter buffers of road segments throughout the study area. Within each of these regions, polygons were manually delineated based on the six-category classification scheme. Features were digitized based on their appearance in the pan-sharpened QuickBird image displayed as a color-infrared composite. Any impervious feature obscured by overhanging vegetation such as tree canopy would be delineated from that vertical perspective without deference to ground-level boundaries. The minimum mapping unit (MMU) for this effort was 3 ϫ 3 (0.61 m) pixels or 3.35 m 2 . The digitized area totaled 9.1 ha (residential), 8.1 ha (commercial), and 1.1 ha (road buffer), with a linear total of 970 road-segment meters digitized. Foody (2002) , in tracing the history of thematic accuracy assessment, states that area-based accuracy assessment has limited utility because, in reality, mapped area is correct only if it is mapped in the right place. This critique is well-founded. Accordingly, area-based accuracy assessment was intended here to supplement point-based assessment in evaluating mapping accuracy at the localized scale of individual land parcels and road buffers. Comparisons here were made using measures of Pearson's correlation between per-region percent land-cover as well as mean and standard deviation percent land-cover error (reference minus classified) for all three region types. Additionally, for imperviousness, areal estimates based on all regions within each type were aggregated and compared to summary reference area figures. Table 2 presents the error matrix for the initial hybrid classification. The overall accuracy of this classification was 83.0 percent and the statistic was 0.796. Within the sixcategory scheme, producer's accuracies ranged from 69.1 percent to 97.6 percent, while user's accuracies ranged from 66.0 percent to 94.0 percent. All category statistics were between 0.61 and 0.92. For four of the categories in this sixcategory scheme, user's and producer's accuracy were both above 75 percent, and was above 0.75.
Land-cover Map and Conventional Accuracy Assessment Results
Two accuracy metrics in this matrix demonstrating the greatest areas of classification confusion were herbaceous user's accuracy and impervious producer's accuracy. With respect to the 34 percent herbaceous commission error, confusion was found with all other categories although commission of deciduous cover to herbaceous was the most pronounced. With respect to the impervious category, a producer's accuracy of 69.1 percent and user's accuracy of 94.0 percent was achieved. The two areas of greatest confusion for the impervious category were the water and herbaceous categories, with omission errors of 11.8 percent and 10.3 percent, respectively, as part of a total percent omission error of 30.8 percent.
Of this confusion, it was evident that, while omission of impervious pixels with respect to the herbaceous category had no readily available resolution, the erroneous assignment of impervious pixels to the water category had a promising GIS-based method of minimization. This was a simple image segmentation based on a GIS overlay of the lakes features and subsequent unsupervised classification within the lake-subset portion of this image. During the unsupervised phase of the initial hybrid classification, no probability weighting was used for assigning pixel clusters to either the impervious or water categories despite the a priori knowledge that there was comparatively little water in the study area. In this GIS-based classification refinement step, the "water" unsupervised cluster from the initial Table 2 land-cover map was re-evaluated using an additional 25-class unsupervised classification of this image subset. In this pixel re-assignment process, heavy a priori weight was given to the impervious category. The output from this stage was then integrated into the initial land-cover map, forming an intermediate landcover map. Next, in the 25-cluster output from the separate lake-subset unsupervised classification, heavy a priori weight was given to water in assigning pixels to one of the six landcover categories. When this image was combined with the initial thematic map, its "water" pixels supplanted intermediate land-cover map pixels where this assignment was not already made, resulting in the final land-cover map.
The thematic accuracy of this final land-cover map was assessed using the same methods described for use with the initial map. The resulting error matrix is presented in Table 3 . Pairwise comparison of error matrices based on the Z-test of values (Congalton and Green, 1999) showed that the initial (Table 2 ) and final accuracy (Table 3 ) matrices were significantly different (Z ϭ 2.190274491, at 95 percent confidence level) and there was a significant improvement from the initial classification. Relative to the initial map, measures of overall accuracy and statistic were improved to 89.3 percent and 0.87, respectively. Producer's accuracy for the impervious category, 69.1 percent, was improved to 80.4 percent; this increase reflects the elimination of impervious confusion with water, a category classified perfectly according to this assessment, in which user's and producer's accuracies were both 100 percent and was 1.0. Numeric improvements in impervious producer's accuracy and water user's accuracy were the only category accuracy changes that exceeded the standard error of the corresponding accuracies in the initial land-cover map assessment. This statistical difference reinforced qualitative findings of this impervious/water refinement. Overall, all categories in the final land-cover map exhibited user's and producer's accuracies greater than 75 percent and statistics greater than 0.70. According to this final land-cover map, the study area is primarily composed of herbaceous cover (33.6 percent), followed by approximately equal amounts of impervious and deciduous cover (23.6 percent each) and a smaller extent of evergreen vegetation (14.2 percent), bare/ disturbed soil (4.2 percent), and water (0.8 percent). Table 4 presents the results of area-based accuracy assessment within the random sample of residential and commercial parcels and the road-segment buffers. Pearson's correlation coefficients between classified and digitized percent land-cover were at least 0.80 for all land-cover categories in all digitized regions. For the impervious category, all correlation coefficients were at least 0.90. The highest correlation coefficient for any category was 0.997 with respect to impervious surface percentage within the commercial parcels. As evidenced by the mean percent error (classified minus digitized percent land-cover, per sample), classified impervious percentage estimates were generally lower than reference percentages, but only by an average error across all region types of 5.6 percent. By contrast, classified herbaceous percentage estimates were generally higher than reference percentages, again by a small across-region type average of 8.9 percent. The herbaceous class, incidentally, also evidenced the highest mean percent error for any category, 12.1 percent within the residential parcels. Aggregate estimates of impervious surface area from the classification within digitized regions are presented in Table 5 . For all three region types, impervious surface area was underestimated, a function of the consistently low perregion percent estimates. For the commercial parcels and road segments, however, this error was less than 10.0 percent. The high accuracy in these regions (96.9 percent and 92.4 percent, respectively) is contrasted by that within the residential parcels (63.0 percent). This latter figure is distinctly lower than the two former, despite similar mean percent impervious error values, because impervious surfaces were much more extensive in commercial parcels (mean coverage, 74 percent) and road segments (mean coverage, 84 percent) than in residential parcels (mean coverage, 22 percent). Thus, the same mean percent error for this land-cover type represented a proportionally larger accounting deficiency overall for residential parcels.
Area-based Accuracy Assessment Results

Discussion
The land-cover maps produced by the hybrid per-pixel classification employed in this study illustrate some, but not all, of the complications purported to plague traditional approaches to high spatial resolution image classification. There were three vegetation categories and three nonvegetation categories in the six-category land-cover scheme used here. In general, classification error in the final landcover map was partitioned by these two groupings. Within the deciduous category, for example, confusion only existed with other vegetated cover types. This is the type of error that suggests that, despite its high spatial and radiometric resolution, the limited spectral content of QuickBird imagery was an obstacle to per-pixel classification. It was qualitatively apparent, however, that there were significant textural differences between, for example, the appearance in this imagery of forested and herbaceous vegetation. Just as Chubey et al. (2006) used texture metrics successfully in a high spatial resolution imagery-based forest classification within an undeveloped landscape, this approach could be a partial answer to spectral overlap in urban vegetation studies.
Spectral overlap was also a factor limiting discrimination between impervious surfaces and bare/disturbed soil cover types. These categories were confused in 9.0 percent and 8.0 percent of respective reference data in the initial and final land-cover maps. These two land-cover types both have diverse representations in urban landscapes, and bare or disturbed soil in urban watersheds can have ecological implications paramount to those of impervious surface coverage (Singh et al., 2003; Faucette et al., 2005; Hayes et al., 2005) . catalogued urban reflectance and found that bare soil was confused with asphalt surfaces because neither surface type has distinct absorption features. Compounding this spectral overlap, the irregular shape of disturbed soil regions may mean that object-oriented analyses will also struggle to distinguish this cover type from developed surfaces. Bare or disturbed surfaces, though, are generally not extensive in urban landscapes except in extremely arid regions, and their extent can perhaps be manually delineated without undue burden. This was the approach of Cablk and Minor (2003) in their Ikonos-based morphological analysis of urban impervious surface. If this is not suitable for a particular urban application, it may be useful for analysts to further borrow soil reflectance knowledge from agricultural remote sensing, such as that of moisture content analyses (Alvarez-Mozos et al., 2005) .
It was expected that shadows would compound spectral overlap among several land-cover types, and that this complication would severely limit per-pixel classification. This expectation was not encountered here. Confusion among vegetated feature types, the reflectance of which is inherently heterogeneous, was exacerbated by shadowing. Additionally, accurate classification within herbaceous and impervious surfaces was also substantially prevented in areas adjacent to tree coverage due to shadows. Nonetheless, shadows were not considered an overall classification issue because they did not constitute a proportionally extensive part of the particular QuickBird image used here. Shadows were minimized by the mid-afternoon, summer time of collection, plus the similarity between the sun's elevation and azimuth and those of the satellite. These variables should be of high concern to analysts interested in purchasing high spatial resolution satellite imagery. Quantitatively, only 2 of the 15 errors associated with impervious surface in the final land-cover map were definitively due to the presence of shadows: one impervious reference point classified as herbaceous and one herbaceous reference point classified as impervious.
As seen in the accuracy analysis for the initial landcover map, spectral overlap was a problem between water and impervious surface, although not because of shadows. Simple integration of ancillary GIS data minimized the effect of this problem. In the final land-cover map, the water category was perfectly classified. The substantial commission of impervious reference points to water in the first land-cover classification was essentially eliminated in this second output. Furthermore, this successful classification did not appreciably degrade the initial success of impervious surface accounting. While this particular application of GIS data integration was specific to a distinct confusion area and depended heavily on suitable data co-registration, it demanded only basic a priori knowledge of water features that is likely to be true of many potential urban study areas.
The initially counterintuitive finding of commission of impervious reference points to the herbaceous category was explained by a simple examination of those erroneous points. This confusion represented the greatest single source of error in the final land-cover map. Of the six impervious reference points incorrectly classified as herbaceous, all six were located along boundary lines between herbaceous and impervious features. Such boundary lines are common in urban watersheds, as they are found along roads, driveways, parking lots, and buildings. Indeed, these transitions make up much of the patchwork that is the urban landscape. Even in high spatial resolution imagery, such contrasts are delineated by historically problematic "mixed pixels" (Foody, 1997) , and these pixels posed classification difficulties as they have in other high spatial resolution studies (Segl et al., 2003) . The "edge pixel" problem is central to understanding the results of the area-based analysis of error (Figure 3 ) of the study's final land-cover map. Overall, the level of accuracy determined here suggests that per-pixel classification is capable of mapping urban land-cover at high levels of detail. As mentioned above, Pearson's correlation coefficients (when available) were at least 0.80 for all land-cover categories for each type of region (residential, commercial, and transportation) . This high level of agreement between classified and reference land-cover percentages is a notable achievement for per-pixel classification. In the commercial parcels, this correlation was determined to be nearly perfect for impervious surface percentage. Total area imperviousness calculations from classified and reference outputs matched to a substantial extent for each land-use type, although this match was markedly better in commercial and transportation (97 percent and 92 percent match, respectively) regions than for residential regions (63 percent match).
Taken as a whole, however, these results are very informative as to the limiting effect of "edge pixels" on per-pixel, high spatial resolution image classification. The accuracy data indicate that, while, impervious features were mapped here with moderate success, linear boundaries were not mapped very accurately, and discrete image objects, such as buildings and roads, were not depicted in the final land-cover map with much real-world geometry. These conclusions are drawn on the basis of the significant impervious/herbaceous "edge pixel" error as well as the consistent under-estimation of imperviousness and over-estimation of herbaceous cover in all three types of digitized land-use regions. In commercial and roads areas, where area-based impervious accuracy was high, the ratio of real-world imperviousness to vegetated features was also high. In residential areas, where vegetated features and their boundaries with impervious features were extensive, area-based impervious accuracy was low. In addition, houses and driveways in residential parcels were frequently and considerably obscured by overhanging tree canopy.
In sum, the highly heterogeneous nature of residential parcel land-cover was a challenge for the per-pixel classification methods used here. Much of this heterogeneity was expressed in the form of "edge pixels," and, as mapped, realworld impervious geometry was eroded in company with falsely expanded vegetated cover. In contrast to the classification methods used here, the goal behind object-oriented classification is to isolate image objects, not pixels. Thus, land-cover shape is not just preserved in a successful objectoriented classification but is, in fact, a primary basis for such classification. The advantage of such an approach is empirically suggested by the "edge pixel" complications reported here. In this urban study area, however, per-pixel classification was wholly effective wherever vegetated/non-vegetated boundaries were less extensive, such as in commercial areas. The predominance of impervious surfaces in these land uses, as well as their size, makes them important inputs for environmental modeling efforts (Butcher, 1999; Gillies et al., 2003) The "edge pixel" limitation of this land-cover map was significant but not fully characterized by traditional point-based accuracy assessment. One reason for this is that, in generating the reference dataset for this traditional accuracy assessment, mixed pixels were a challenge to interpret, although this concern is not new to the development of thematic map reference data . For high spatial resolution data, field-generated data may be especially appropriate despite the difficulties its acquisition often poses (Cablk and Minor, 2003) . In general, the heterogeneous nature in which features are represented by high spatial resolution imagery may not be adequately tested by conventional accuracy methods. Barr and Barnsley (2000) discussed this problem and addressed it in their study by examining morphological accuracy, the goal of which was to evaluate the accuracy of land-cover shape, as well as total area-mapping results. Previously, it has been noted that a limitation of the traditional error matrix is that it does not describe the spatial distribution of classification error (Morisette et al., 1999) . This may have unique implications for the detail that is sought through high spatial resolution image classification.
Conclusions
This paper has examined the use of conventional per-pixel image classifiers, the maximum likelihood and ISODATA algorithms, in developing an urban land-cover map using pan-sharpened 0.61 m QuickBird imagery. An exclusively spectral-based classification approach, coupled with a simple GIS masking step, was used to generate a six-category landcover map with 89.3 percent overall accuracy. Impervious surfaces were mapped particularly well ( ϭ 0.88). Total impervious surface estimates matched reference figures with 96.9 percent and 92.4 percent agreement in commercial and road buffer reference regions. Area-based imperviousness accuracy estimates reinforced qualitative findings, however, that real-world geometry was not well-represented among certain land-use types. In highly heterogeneous residential areas, for example, the misrepresentation of linear boundaries between impervious surfaces and vegetated cover types was pronounced.
An ancillary GIS layer depicting study area lakes was used to virtually eliminate an initial area of confusion between impervious surfaces and water. Such ready integration of GIS data is inherent advantage to the analysis of high spatial resolution imagery. A solution to another classification problem, the lack of discriminatory power among vegetated cover types, was not so readily apparent. Importantly, though, none of the classification difficulties reported here was extensively due to the effects of shadows, as had been expected. In fact, confusion was more commonly due to image heterogeneity and reflectance overlap among illuminated versions of different cover types. Analysts are encouraged to carefully consider high spatial resolution image acquisition parameters to minimize the potential effects of shadowing.
Future work should continue to investigate the use of familiar spectral-based approaches to mapping high spatial resolution imagery, and the results of this study indicate that, for mapping particular urban land-cover types, these approaches can be highly efficient and accurate. In this study, impervious surface mapping accuracy was higher in areas where reference data indicated that it was more extensive and continuous, such as in commercial parcels. The distribution and shape of such cover types in heterogeneous areas may be more accurately mapped by emerging object-oriented approaches customized to exploit detailed object morphology. Traditional spectral-based approaches, however, are comparatively simple and well-documented. In this light, the results of this study suggest that existing per-pixel classification methods present an efficient, widely available, and familiar means of land-cover map derivation for particular applications of this exciting new data source.
